ABSTRACT: We sought to determine the relationship between (i) full-thickness cartilage defects and tibiofemoral subchondral surface ratio (SSR) and (ii) disability and quality of life in patients with mild radiographic osteoarthritis (OA) (Kellgren-Lawrence grade 2) or without radiographic OA (Kellgren-Lawrence grades 0 or 1)? A total of 642 participants from the Osteoarthritis Initiative (OAI) with baseline knee MRIs and a Kellgren-Lawrence grade 2 or less on both bilateral screening radiographs were included. The independent relationship was assessed between (i) full-thickness cartilage defect presence and tibiofemoral SSR and (ii) Knee Injury and Osteoarthritis Outcome Score (KOOS) quality of life (QOL), KOOS function in sports and recreation (KOOS-sport/rec), and Western Ontario and McMaster Universities Arthritis Index (WOMAC) disability score after adjustment for relevant confounders with multivariate regression modeling. The prevalence of medial full-thickness defects was 10.4% (67/642) and lateral was 18.1% (116/642). Lateral defect presence was associated with worse KOOS-QOL (beta À3.61 SE 1.04; p ¼ 0.001), KOOS-sport/rec (beta À4.70 SE 1.38; p ¼ 0.001) and WOMAC-disability scores (beta 0.02 SE 0.01; p ¼ 0.001); these associations were not influenced by defect size. A larger medial compartment SSR was associated with worse KOOS-QOL (beta À27.20 SE 6.80; p < 0.001), KOOS-sports/rec (beta À22.30 SE 9.01; p ¼ 0.01) and WOMAC-disability scores (beta 0.16 SE 0.04; p < 0.001). In older adults with little to no radiographic osteoarthritis, lateral full-thickness cartilage defects, irrespective of size, and a larger medial compartment tibiofemoral SSR are potential sources of knee-related symptoms that are not appreciated on standard radiographs. ß
Radiographic osteoarthritis (OA) severity is not a reliable predictor of knee symptom severity in older adults, 1,2 and half of people over age 55 with knee pain of people afflicted have no definitive OA on radiographs. 3 Magnetic resonance imaging has proven effective at identifying early structural OA changes prior to the appearance of radiographically evident disease 4 as well as identification of sources of symptoms including bone marrow edema. 5 Additionally, it has become evident in recent years that the structural changes of knee OA are heterogeneous, with varying degrees of synovitis, edema, cartilage loss, and subchondral bone changes in patients with radiographically similar disease. 6 In older adults, knee cartilage defects are common; Ding et al. report a prevalence of >80% in older patients with symptomatic knee OA, 7 and Carnes et al. report 49% (194/395) of a randomly selected cohort of adults age 50-80 had at least one knee cartilage defect with MRI abnormalities extending beyond the cartilage surface. 8 In asymptomatic middle-age adults without knee OA, partial-thickness defects are common in both the medial (61%) and lateral (43%) compartments and are associated with increased cartilage loss over time. 9 However, little is known about the effect of the presence of full-thickness cartilage defects on knee-related symptoms or quality of life in older patients with mild radiographic OA or without radiographic OA. Zhai et al. demonstrate fullthickness medial tibial defects to be associated with knee pain prevalence in older patients (mean age 63 years) 5 and other studies have demonstrated that full thickness defects in older adults are significant predictors of future knee arthroplasty 10, 11 ; however, these studies were not limited to adults with radiographically mild or absent OA.
The subchondral bone surface is highly innervated and is thought to contribute to OA pain. 3 The tibiofemoral subchondral surface ratio (SSR), defined as the weight-bearing femoral subchondral surface area divided by the tibial subchondral surface area, has been associated with risk of developing of knee symptoms and radiographic OA. The tibiofemoral joint is naturally asymmetric, though the degree of weight-bearing surface area mismatch as defined by the SSR varies among individuals; a smaller SSR, indicating a relatively undersized femoral condylar weight bearing surface in comparison to the tibial plateau articular surface is proposed to increase femoral subchondral surface pressure and contribute to OA pathogenesis and progression. 12 The Kellgren-Lawrence OA grading system is a commonly used radiographic grading system; on weight bearing flexion posterior-anterior radiographs, OA is graded from 0 (none) to 4 (severe), and grade 4 OA represents complete loss of joint space. 13 Though tibial plateau subchondral bone area increases slowly in healthy adults 14 and may increase more quickly in adults with more severe joint space narrowing or higher BMI, 15 tibiofemoral SSR values appear to be stable over time in adults who remain at Kellgren-Lawrence grades 3 or below and is highly reproducible across MRI studies. 12 It is unknown whether tibiofemoral SSR and high-grade cartilage defects are independently predictive of knee related disability and quality of life in adults with radiographically mild or absent osteoarthritis.
The purpose of this study is to determine the relationship between (i) full-thickness cartilage defects and tibiofemoral subchondral surface ratio (SSR) and (ii) disability and quality of life in adults with mild radiographic osteoarthritis (OA) (Kellgren-Lawrence grade 2) or without radiographic OA (Kellgren-Lawrence grades 0 or 1). We hypothesize that the tibiofemoral SSR and presence of full-thickness cartilage defects in either medial or lateral compartments) will all be independently associated with subjective kneerelated disability and quality of life.
METHODS Data Sources and Patient Selection
The OA Initiative (OAI) is an NIH-funded, multi-center, observational cohort study focused on knee OA. The study protocol, amendments, and informed consent documentation were reviewed and approved by the Institutional Review Boards at all participating sites. A total of 4,796 participants ages 45-79 were recruited into either a progression subcohort (frequent knee symptoms and radiographic OA present at baseline) or an incidence subcohort (asymptomatic or radiographically absent OA at baseline but with one or more risk factors for incident OA such as family history of OA, frequent knee bending activities, overweight, history of knee injury or surgery, or Heberden's nodes noted on one or more fingers). Data used in the preparation of this article were obtained from the OAI database, which is available for public access at http://www.oai.ucsf.edu/. Specific datasets used are the baseline clinical dataset (version 0.2.2, released May 08, 2009) and baseline magnetic resonance imaging (MRI) dataset (Eckstein group) (version 0.6, released June 04, 2015).
We utilized a sample of all OAI participants who had a baseline knee MRI that was quantitatively assessed by a single vendor (Chondrometrics, Gmbh, Ainring; Parcelsus University, Salzburg) and had a Kellgren-Lawrence (KL) grade 13 no higher than 2 on baseline bilateral knee radiographs (N ¼ 642 participants). Participants with evidence of total or partial knee arthroplasty or radiographically moderate-severe OA (defined as KL grades 3 or 4) on either knee at baseline were excluded. No further inclusion or exclusion criteria were applied. At baseline, the mean age of this sample was 59.1 years (SD 8.8), 37% (n ¼ 238) were male, and 63% (n ¼ 404) were female. Mild radiographic OA (KL grade 2) was present in 60% (n ¼ 384) at baseline, and 40% of participants had no radiographic OA (n ¼ 258, KL grades 0-1).
Imaging Assessments
All OAI radiographs and radiologic assessments were obtained using a standardized protocol; all measurements were extracted directly from the OAI database. Baseline bilateral knee radiographs were obtained with a standard fixed-flexion posterior-anterior (PA) view and a KL grade 13- for OA severity was assigned by two independent reviewers with an established adjudication process for discrepant scores. For the purpose of this study, mild radiographic OA was defined as KL grade 2 and non-arthritic knees were defined as KL grades 0-1. Data on coronal knee alignment were also utilized; these measures were obtained on full-limb radiographs with a standard protocol. 16 All participants underwent 3.0 T knee MRIs at baseline. The test-retest precision for cartilage measurements was high, with an average root mean square coefficient of variation (RMS CV%) of 1.8% for FLASH and 2.6% for DESS sequences. 20 Subchondral surface area and area of subchondral bone denuded cartilage reported by the vendor were utilized in this analysis. All measurements were extracted directly from the OAI database. A full-thickness cartilage defect was defined as evidence of denuded subchondral bone, regardless of size, on either the weight bearing femoral condyle or tibial plateau of either the lateral or medial compartment (Fig. 1 ). Osteophytes and cartilage overlying osteophytes were not included in any subchondral bone or cartilage measurements.
The tibiofemoral subchondral surface ratio (SSR) is a measure designed to describe the degree of surface area mismatch between opposing weight bearing femoral condyle and tibial plateau subchondral surfaces. 12 This degree of mismatch could theoretically influence subchondral or overlying articular cartilage surface pressures and have a secondary effect on cartilage health or knee symptoms. 12 The tibiofemoral SSR was defined as the weight-bearing femoral subchondral surface area divided by the tibial subchondral surface area 12 ; the study authors utilized the subchondral surface measures from the OAI database to calculate this ratio for both medial and lateral compartments. On a sagittal DESS sequence, the weight-bearing femoral condyle region is defined as 60% of the surface between the trochlear notch (anteriorly) and the posterior end of the femoral condyles (Fig. 2) . The weight bearing femoral condyle subchondral surface area can also be determined on a coronal FLASH sequence, and both methods have been shown by Eckstein et al. to be reliably interchangeable. 21 Both medial and lateral tibiofemoral SSRs have been shown to be stable across time in knees that do not progress to severe (KL grade 4) osteoarthritis. 12 
Clinical Assessments
Demographic and medical history data from the baseline study questionnaires and self-reported knee symptom-related data were utilized from the baseline study visit. Age, height, and weight were collected at the time of study enrollment. The overall activity level of participants in the sample was assessed by the Physical Activity Scale for the Elderly (PASE). 22 History of ipsilateral knee injury was defined by report of an injury severe enough to limit walking ability for at least 2 days. History of knee surgery was defined by report of any arthroscopic or open surgical procedure on the ipsilateral knee. Depressed mood, a known confounder of knee symptoms, 23, 24 was assessed with the Center for Epidemiologic Studies Depression Scale (CES-D). 25 Knee-related quality of life and disability were assessed with the Knee injury and Osteoarthritis Outcome Score (KOOS) 26 quality of life (KOOS-QOL) and function in sports 27 disability score. These scores were the primary outcomes of interest in the current study, and both the KOOS and WOMAC instruments have good reliability and validity for assessing quality of life in patients with osteoarthritis 27, 28 and have good responsiveness in patients with cartilage defects. 29, 30 Additional KOOS and WOMAC scores specific to knee symptoms rather than disability and quality of life, specifically the KOOS-pain, KOOS-symptoms, WOMAC-pain, and WOMAC-stiffness scores were also included in the analysis as secondary outcome measures. The KOOS activities of daily living (KOOS-ADL) score was not included in the OAI clinical dataset and was therefore not included in this study. For knee-specific symptoms scores (right vs. left knee), the score for the knee that underwent MRI assessment was utilized. For participants with bilateral MRI assessments, the side with the highest Kellgren-Lawrence grade or presence of full-thickness cartilage defects was reported.
Statistical Analysis
All analyses were reported in a standard statistical software package (STATA version 13.1, College Station, TX). According to an initial power analysis, the sample size is adequate to detect a minimal clinically important difference of eight points in KOOS scores as suggested by Roos and Lohmander 28 (alpha ¼ 0.05, 80% power and estimated standard deviation of 20) in participants with versus without a cartilage defect (required n ¼ 99 participants per group). Descriptive statistics for demographic, clinical, and radiographic variables were first generated for the sample after stratification by presence or absence of a full-thickness cartilage defects. Differences in these variables by cartilage defect status were assessed by Chi-square test for categorical variables and two-sided student's t tests or Wilcoxon ranksum for continuous variables as appropriate. The crude (unadjusted) associations between (i) KOOS and WOMAC scores and (ii) presence or absence of full-thickness cartilage defects were determined after stratification by radiographic OA status (KL grade 2 vs. grade 0-1). Finally, to determine the independent (adjusted) association between full thickness cartilage defects, tibiofemoral SSR, and KOOS and WOMAC scores, a series of multivariate regression models were created. The distributions for KOOS scores were best fit with linear regression models, whereas WOMAC scores were best fit with exponential regression models due to a large number of participants with WOMAC subscore(s) of zero. Potential covariates (other than defect presence or SSR) included age, sex, height, weight, prior injury history, prior surgery history, PASE activity score CES-D depression score, SF-12 mental health score, knee alignment, and radiographic OA status. A backward selection method was utilized with an exit criteria of alpha >0.05 and forced inclusion of defect Participants with full-thickness cartilage defects were slightly older on average than participants without full-thickness defects (mean 62.1 years SD 9.3 vs. 58.4 years SD 8.6; p ¼ 0.001) and were significantly more likely to report a prior knee injury (51.7% fullthickness defects group; 29.9% no full-thickness defect; p < 0.001) ( Table 1) . Participants in the full-thickness defect group were significantly heavier (mean 90.3 kg SD 17.9) versus those without a full-thickness defect (82.2 kg SD 16.3; p < 0.001), though had similar PASE activity scores (p ¼ 0.43). Mild radiographic OA (KL grade (2) in at least one knee was more prevalent in participants with full-thickness defects than those without (73.0% vs. 55.9%, respectively; p < 0.001). A larger medial compartment SSR was seen in fullthickness defect participants (mean 0.61 SD 0.13 full-thickness defect group; mean 0.56 SD 0.11 no fullthickness defect group; p < 0.001) with no significant difference in lateral SSR (p ¼ 0.17). Worse scores were observed in the full-thickness defect group for all three primary outcome measures: WOMAC disability (median 6.2 with defect present versus median 1.1 without defects; p < 0.001), KOOS-sports/rec (median 67.7 with defect versus median 92.9 without defect; p < 0.001), and KOOS-QOL (median 62.5 with defect versus median 75 without defect; p < 0.001).
Knee Related Disability and Quality of Life by Full-Thickness Defect and Radiographic OA Status
Univariate analysis demonstrated worse primary outcome measures (KOOS-QOL, KOOS-sport/rec, and WOMACdisability) if a full-thickness medial defect or lateral defect was present (Table 2) , though symptoms tended to be more severe for isolated lateral defects compared to isolated medial defects (p ¼ 0.04 KOOS-sports/rec; p ¼ 0.006 KOOS-QOL; p ¼ 0.23 WOMAC-disability). After DATA FROM THE OSTEOARTHRITIS INITIATIVE stratification of the sample by radiographic OA status and presence of a full-thickness lateral defect, a consistent relationship was observed between presence of a lateral defect and worse symptoms independent of OA status (Table 3) .
Independent Association Between Tibiofemoral SSR, Full-Thickness Defects, and Knee Related Quality of Life In the fully adjusted models, a higher medial compartment SSR and presence of lateral full-thickness cartilage defects were independently associated with worse knee symptoms ( 
DISCUSSION
Cartilage defects are common in older adults, 8, 9 though the association between full-thickness defects and symptoms in older adults without significant radiographic signs of knee OA is not well characterized. Additionally, the interrelationship between full-thickness defects, tibiofemoral SSR, and knee symptoms is unknown. In this study, we demonstrate that a higher medial compartment SSR and the presence of lateral compartment full-thickness cartilage defects, irrespective of defect size, are independently associated with worse knee-related function and quality of life in adults with mild or no knee osteoarthritis. These MRI-based findings provide further insight into sources of kneerelated disability that may not be readily apparent on 
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knee radiographs. As it has become clear that the structural changes associated with knee OA are heterogeneous, 6 identification of a patient's OA phenotype may eventually guide non-surgical treatment as additional therapies emerge that address specific physiologic components of this disease. 6 Though medial compartment tibiofemoral SSR previously has been shown to be associated with incident knee symptoms in patients with KL grades 0-3 knees (no OA to moderate OA), 5 this study demonstrates that higher medial SSR values are also associated with knee-related disability in participants with mild or no radiographic osteoarthritis, independent of full-thickness cartilage defect status. The physiologic mechanism for this relationship is not known, though published work regarding longitudinal changes in medial tibial plateau subchondral bone surface area suggest differential loading may play a role. Medial tibial subchondral bone expansion occurs slowly in healthy adults 14 and is accelerated in patients with higher BMI or osteoarthritis, 15 suggesting an adaptive mechanism is occurring in response to loading of the medial subchondral surface over time. We theorize that individuals with a higher medial SSR value (indicating a relatively small tibial plateau compared to the weight-bearing femoral condyle) may experience relatively higher contact pressure through the medial tibial subchondral bone and that this may be a cause of knee symptoms; a dedicated biomechanical analysis would need to be performed in order to definitively determine whether tibiofemoral SSR affects subchondral bone loading. Finally, despite these reports of medial tibial subchondral bone expansion over time, tibiofemoral SSR values appear to be stable over 48 months in adults who remain at Kellgren-Lawrence grades 3 or below. 12 This may be due to differences in subchondral surface area techniques, as prior reports of subchondral bone expansion are in large part due to osteophyte formation, 33 whereas the subchondral area used for calculating SSR excludes osteophytes.
Lateral compartment full-thickness cartilage defects, regardless of size, appear to be a potential "hidden" source of disability in older adults with apparently well-preserved medial joint space presenting knee symptoms and a lack of significant radiographic signs of knee OA. It is well known that medial compartment degenerative changes are more common than lateral compartment changes in older adults, and medial compartment full-thickness defects are an important determinant of knee symptoms in adults with existing OA. 5 However, in older adults without significant radiographic OA, it appears that small lateral cartilage defects (mean area 0.56 cm 2 in this study) are actually more common than medial defects and are also an important cause of knee-related disability. This is likely observed in this study due to exclusion of patients with significant (grades 3-4) OA, thus producing a cohort presenting little to no radiographic arthritic changes and a greater presence of lateral full-thickness defects. If patients presenting with moderate to severe OA were included in this study, it would be expected that the cohort would have a higher prevalence of high-grade medial defects. It is possible that fixed flexion posterioranterior (PA) weight bearing radiographs are less sensitive to degenerative changes in the lateral compartment compared to the medial compartment, resulting in lower detection of isolated lateral OA changes on standard radiographs. Alternatively, in older adults without significant knee OA, medial cartilage defects may simply be better tolerated than lateral defects through an undetermined mechanism; the current study is not appropriately designed to determine a causative mechanism for this relationship. Older patients with isolated full-thickness cartilage defects and mild or no surrounding osteoarthritis may be difficult to treat, as current algorithms offer limited non-arthroplasty treatment options in this population. 34, 35 Current treatment algorithms for OA do not incorporate a patient's disease "phenotype" into selection of treatments, though as our understanding of the varying structural changes of early OA continues to improve, there is the potential for patient-specific OA treatment as additional therapeutics emerge that target different physiologic pathways implicated in OA. 6 Hyaluronic acid injection has a modest treatment benefit and appears to be more effective in patients without severe OA. 36 Kon et al. demonstrate that autologous platelet-rich plasma (PRP) injection may be more efficacious in patient with defects and less significant surrounding OA, whereas patients with more severe surrounding OA had similar efficacy with hyaluronic acid or PRP. 37 Microfracture of isolated defects, though initially efficacious, appears to have deteriorating benefit over time. In a patient cohort with a mean age of 57 with moderate OA (as defined by KL grade), significant symptom improvement was noted following microfracture of full-thickness defects at 1 year after surgery. 38 However, Kreuz et al. demonstrate greater deterioration in symptom improvement starting 18 months following microfracture in patients over age 40 versus patients under age 40. 39 Finally, there is limited evidence that autologous chondrocyte implantation (ACI) may be a viable treatment option for isolated high-grade defect treatment in older patients, as Niemeyer et al. report that ACI outcomes at 24 months are similar in patients age 40 and older (mean age 47.8, range 40-57) versus patients under 40. 40 A strength of this study is the ability to control for multiple relevant confounders of knee symptoms due to comprehensive baseline data collation as part of the Osteoarthritis Initiative (OAI). Additionally, the methods for obtaining the measures used to calculate SSR are validated and reproducible with conventional MRI sequences. 18, 19, 21 However, the study findings may not be generalizable to younger adults or adults with large full-thickness defects, as the mean defect size in this study was <1.0 cm 2 and mean age was 59.1 years. The study findings are limited to adults with little to no radiographic OA; in adults with significant existing OA, medial rather than lateral compartment full-thickness cartilage defects are more common and are also a more important determinant of knee symptoms. 5 Additionally, bone marrow edema is a potential cause of symptoms independent of cartilage defect presence 5 that could not be accounted for in this study as it was not assessed by the vendor that performed the knee MRI assessments. Only 36/642 subjects in this study had a dedicated bone edema assessment as part of a separate analysis by different vendors within the OAI, and only 1 of these 36 subjects had a full-thickness cartilage defect; this proportion was too small to control for bone edema as a confounder in the current analysis.
Finally, the clinical applicability of tibiofemoral SSR assessment may be limited by the time burden of manual segmentation until a more efficient surrogate MRI or radiographic measure is established.
In conclusion, lateral compartment full-thickness cartilage defects, regardless of size, and a larger medial compartment tibiofemoral SSR are independently associated with worse knee-related disability and quality of life in older adults with radiographically mild or absent knee osteoarthritis.
